Dogs remain the main non-rodent species in preclinical drug development. Despite the current dearth of new drug approvals and meagre pipelines, this continues, with little supportive evidence of its value or necessity. To estimate the evidential weight provided by canine data to the probability that a new drug may be toxic to humans, we have calculated Likelihood Ratios (LRs) for an extensive dataset of 2,366 drugs with both animal and human data, including tissue-level effects and Medical Dictionary for Regulatory Activities (MedDRA) Level 1-4 biomedical observations. The resulting LRs show that the absence of toxicity in dogs provides virtually no evidence that adverse drug reactions (ADRs) will also be absent in humans. While the LRs suggest that the presence of toxic effects in dogs can provide considerable evidential weight for a risk of potential ADRs in humans, this is highly inconsistent, varying by over two orders of magnitude for different classes of compounds and their effects. Our results therefore have important implications for the value of the dog in predicting human toxicity, and suggest that alternative methods are urgently required.
Introduction
It is generally assumed that testing new pharmaceuticals on animals helps to ensure human safety and efficacy. Regulatory agencies worldwide require preclinical trials (e.g. 1, 2) , which involve at least two species -typically one rodent and one nonrodent species -to determine toxicity and pharmacokinetics. The expectation is that additional data from the non-rodent will detect adverse effects not detected by rodent tests. Despite the current dearth of new drug approvals and meagre pipelines (e.g. 3, 4) , this practice continues, with little supportive evidence of its value or necessity (5) .
Dogs are used in significant numbers in science -approximately 90,000 are used per annum across the EU and the USA, according to the latest available figures (6) (7) (8) . About 80% of this use is as the non-rodent species in the evaluation of pharmaceutical safety and efficacy (6) . However, only limited evaluations of the reliability of the canine model for this purpose have been conducted, chiefly due to the difficulty of accessing relevant data, most of which are unpublished and proprietary to pharmaceutical companies. Those evaluations that have been conducted have usually employed 'concordance' metrics (e.g. 9) , which various authors have interpreted as the true positive rate ('sensitivity') or the Positive Predictive Value (PPV). While these metrics are appropriate for assessing the reliability of a diagnostic test for a specific disorder (e.g. HIV infection), the insights they provide depend critically on the question being asked of the diagnostic test. However, they are not appropriate for assessing the salient question at issue with animal models, which is whether or not they contribute significant weight to the evidence for or against the toxicity of a given compound in humans. Overcoming this key problemalmost entirely overlooked by previous authorsrequires a precise specification of the various terms used (see Methods). Briefly, the appropriate metrics are Likelihood Ratios (LRs; 10): the Positive Likelihood Ratio (PLR) and the inverse Negative Likelihood Ratio (iNLR). Therefore, there is clearly a need for the kind of statistically-appropriate critical analysis that we provide here. The dataset we have used is unique, in that it is large and allows the conditional probabilities required for the LRs (PLR/iNLR) to be calculated.
Methods
Animal models are widely used to assess the risk that a given compound will prove toxic in humans.
As with any diagnostic test, their reliability can only be assessed by performing tests in which the same compound is given to both animals and humans, and the presence or absence of toxicity recorded. This leads to a 2 × 2 matrix of results, as shown in Figure 1 (11) .
The basis of this matrix is that the human data are correct, and the dog data are true/false, if they do/do not match them. The various cells in this matrix allow a variety of diagnostic metrics to be deduced, of which the most familiar and widely used are the true positive rate for the test (or 'sensitivity' = a/[a + c]), and the true negative rate (or 'specificity' = d/[d + b]). In previous research into the reliability of animal models as predictors of toxicity in humans, some authors (e.g. 9) have focused on the sensitivity, expressed as the 'true positive concordance rate', or the so-called Positive Predictive Value (PPV), given by a/(a+b), which reflects the probability that human toxicity was correctly identified by the animal model, given that toxicity was observed in the animal model (e.g. 12). However, neither of these metrics is suitable for the role of assessing the evidential weight provided by any toxicity test. In the case of animal models, the sensitivity addresses only the ability of such models to detect toxicity that will subsequently manifest itself in humans. This is a necessary, but not sufficient, measure of evidential weight. Suppose, for example, that the animal model always indicates toxicity found in humans; it would then have a sensitivity of 100%. However, if, in addition, the model always indicates toxicity, even in humans, its evidential value is no better than simply dismissing every compound as toxic from the outset. Thus, a useful toxicity test must also be able to give insight into when toxicity seen in the animal model is not observed in humans, which requires knowledge of the specificity of the test.
There is, of course, an obvious reason for the focus on sensitivity in animal model evaluation: if a compound is found to be positive in an animal model, it is unlikely to go into human evaluation. Nevertheless, the fact remains that sensitivity alone cannot be an adequate guide to the value of animal models.
The case of the PPV is more subtle. This metric is a measure of the probability that human toxicity will be correctly identified, given that the animal model detected toxicity. As such, PPVs are conditional probabilities, the condition being the preexistence of a positive animal test result. This makes PPVs dependent on the prevalence of toxicity in compounds, and thus an inappropriate measure of the reliability of the test with any specific compound (e.g. 10, 13) .
Thus, any appropriate metric of the evidential value of animal models requires knowledge of both the sensitivity and the specificity of the model. This, in turn, implies that the appropriate metrics for the evidential weight provided by an animal model are LRs (e.g. 13). In general, these are ratios of functions of the sensitivity and specificity, which can be extracted from the 2 × 2 matrix given above. In the specific case of animal models in general, two LRs are relevant. The first is the so-called PLR, which is given by:
This LR captures the ability of an animal model to add evidential weight to the belief that a specific compound is toxic. Any animal model that gives a PLR that is statistically significantly higher than 1.0, can be regarded as contributing evidential weight to the probability that the compound under test will be toxic in humans. The other relevant LR is the so-called iNLR, given by:
This LR captures the ability of an animal model to add evidential weight to the belief that a specific compound is not toxic: any animal model that gives an iNLR that is statistically significantly higher than 1.0, can be regarded as contributing evidential weight to the probability that the compound under test will not be toxic in humans. It is worth noting at this point that the above definitions imply that a good animal model for detecting human toxicity is not necessarily also good for detecting an absence of toxicity. That is, a high PLR does not guarantee a high iNLR; this will emerge as a key issue in this study.
The above definitions also underscore the need for data on the human toxicity of compounds that fail initial animal tests. Again, a key feature of the current study is that this issue has been overcome via data mining methods. Data were obtained from a leading pharmaceutical safety consultancy, Instem Scientific Limited (Harston, Cambridge, UK; http://www.instem-lss.com 'Safety Intelligence Programme'), with funding provided by FRAME. All the information stemmed from publicly accessible sources, including: PubMed (http:// www.ncbi.nlm.nih.gov/pubmed), the FDA Adverse Event Report ing System (FAERS), DrugBank (http://www.drugbank.ca), and the National Toxicology Program (http://ntp.niehs.nih.gov). Data were available for more than 2,300 drug compounds in humans and preclinical species.
Inference of the good quality of the data used in this evaluation is outlined in the Discussion. Compounds were selected that feature in the FAERS, FDA New Drug Applications (FDA NDAs) and DrugBank. Thus, the drugs selected for this analysis are in clinical use, and have undergone preclinical testing: human and animal data are therefore available for them. A non-redundant list of parent moieties was created, for example, by normalising therapeutic products to their generic names (e.g. Lipitor to Atorvastatin). This yielded 2,366 compounds.
A signature of the effects of each compound was created, focusing on tissue-level effects (e.g. bradycardia and arrhythmic disorder would both be considered to be effects on heart tissues), as well as the individual observations, which were mapped to their MedDRA (Medical Dictionary for Regulatory Activities; http://www.meddramsso.com) counterparts. MedDRA observations are classified into four levels, Level 1 being the most specific and Level 4 providing a more generic 'System Organ Class'. These classifications help to eliminate false positives that may arise from species-specific observations, and help the identification of concordant observations that might otherwise have been missed, by their 'rolling up' into more-generic terms.
LRs were derived for broad tissue-level effects (n = 52), and more-specific biomedical observations (BMOs; n = 384), mapped to MedDRA classifications (Levels 1 [most specific] to Level 4 [more generic 'organ class']). Fourteen BMO classifications not involving dogs were eliminated from the study. A total of 3,275 comparisons were made between the human and the dog, for 2,366 compounds, involving 436 (52 + 384) classifications of effects. The Instem Scientific data on which our analysis was based are shown in the Appendix, and the full set of data, including 95% Confidence Intervals, are available on the FRAME website (www.frame.org.uk).
With regard to potential bias: FNs are more common than FPs, since there is a bias resulting from a 'precautionary principle' not to progress positives to human administration. This has been mitigated by limiting the dataset to compounds reported in the FAERS database. Therefore, all the compounds are certain to have proceeded to market, and animal preclinical data are available for these compounds. Specific details of how the FPs that were identified arose were not sought, because they were not pertinent to this analysis, and this was not feasible, given the nature of the dataset. It must be assumed that the dog data were correlated with the human data retrospectively, and/or the human data arose from postmarketing studies, and/or clinical trials were applied for and approved, since the adverse effect(s) in dogs were minor and/or mitigated by other data.
Results
The inappropriate nature of PPVs is demonstrated in Figure 2 , which shows a scatter plot of 'ranked' PPVs against equivalent ranked PLRs. Each PPV and PLR was ranked according to its value for each of the 436 classifications of effects, and these ranks were plotted against each other. The disparity is evidenced by the scatter of points, few of which lie close to the y = x line that shows an ideal correlation. The misclassifications and misplaced assump tions of the accuracy of canine data for the prediction of human adverse drug reactions (ADRs) are clear. For example, MedDRA 'Level 4, Vascular Disorder' was ranked 20/436 with regard to the most favourable classifications for human predictivity based on PPV, but its cognate PLR ranked 404/436 -one of the least predictive. Conversely, MedDRA classification 'Level 2, Ventricular Conduction' ranked 30/436 by PLR, but 406/436 by PPV.
Dog PLRs were generally high (median ~28), implying that compounds that are toxic in dogs are likely also to be toxic in humans. However, because the PLRs vary considerably (range 4.7-548.7), with no obvious pattern regarding the form of toxicity, the reliability of this aspect of canine models cannot be generalised or regarded with confidence.
In contrast, the calculated inverse negative LRs (iNLRs) are substantially more consistent, but their median value of 1.11 (range 1.01-1.92) supports the view that dogs provide essentially no evidential weight to this aspect of toxicity testing. Specifically, the fact that a compound shows no toxic effects in dogs provides essentially no insight into whether the compound will also show no toxic effects in humans.
This lack of evidential weight has important implications for the role of dogs in toxicity testing, especially for the pharmaceutical industry. The critical observation for deciding whether a candidate drug can proceed to testing in humans is the absence of toxicity in tests on animals. However, our findings show that the predictive value of the animal test in this regard is barely greater than that that would be obtained by chance (see below).
Discussion
The analysis presented here is urgently required, to support informed debate about the worth of animal models in preclinical testing. It is acknowledged among some stakeholders (if not universally among all stakeholders) that assessment of the scientific value of animal data in drug development is necessary, has been scarce, and has been thwarted for decades by the unavailability of relevant data for analysis (e.g. 14) . Nevertheless, primarily due to concerns over privacy and commercial interests, data sharing and making data available continue to be resisted, in spite of assurances to the contrary from industry (14) .
Those few analyses that have been done, tend to reflect unfavourably on animal models, including the dog. In 2012, a study that expressly set out to minimise bias, showed that 63% of serious ADRs had no counterparts in animals, and less than 20% of serious ADRs had a true positive corollary in animal studies (15) . Other similar examples exist for testing generally (e.g. [16] [17] [18] and more-specifically, for example, in teratology (e.g. 19, 20) and drug-induced liver injury (e.g. 5, 21). One notable study claimed a good concordance for dog and human toxicology (10), though neither the predictive nature of the animal data for humans, nor the evidential weight provided by those data, were addressed (22) .
We have, for the first time, addressed the salient question of contribution of evidential weight for or against the toxicity of a given compound in humans by data from dog tests, by using the appropriate metrics of LRs. Furthermore, we have applied the apposite LRs to a dataset of unprecedented scale, to critically question the value of the use of the dog as a preclinical species in the testing of new pharmaceuticals. Substantiation of data quality is evidenced by: the methods used to source the data and the assured quality of the databases supplying them (listed above); the ways in which the data had been used recently as a basis for scientific publications and presentations (e.g. [23] [24] [25] [26] ; and the international corporate and academic clients that have used the consultancy and its data (e.g. AstraZeneca; see [23] [24] [25] [26] . In addition, the impact of 'missing data' (i.e. unpublished data held by pharmaceutical companies) was mitigated by strictly limiting the dataset to drugs "with the greatest chance of having been evaluated in all the species included in the study" (here, dogs and humans). In other words, "…lack of evidence for an association between a compound and a specific BMO demonstrates a real absence of effect, and is not due to missing data" (Instem Scientific Ltd. Analysis Report, unpublished).
Naturally, there must be caveats. Our analysis was limited to data that are published and publicly available. It is widely acknowledged that many animal experimental results/preclinical data remain unpublished and/or proprietary, for a variety of reasons (e.g. 15, [27] [28] [29] [30] . Such publication bias is a major problem (e.g. [31] [32] [33] [34] , and, compounded by other factors such as size and quality of the animal studies, variability in the requirements for reporting animal studies, 'optimism bias', and lack of randomisation and blinding (28, 35) , it means that gauging the true contribution of animal data to human toxicology is impossibleat least for third parties without access to pharmaceutical company files. All datasets are imperfect to varying degrees. However, it is only possible to use data which are available, and to ensure that, as far as feasible, those data are of good quality and as free from biases as possible, and that their analysis and derived conclusions are as objective as possible.
It must be made abundantly clear that we, the authors of this report, did not make decisions regarding the toxicity/non-toxicity of drugs, or decide upon or apply any criteria to such decisions. The mining of the data, and the decisions on toxicity of the drugs, were independent of the authors of this paper, and were made by one or both of the authors of the drug/toxicity papers and/or database submissions used, and the data-mining consultancy/curators of the Safety Intelligence Pro gramme, Instem Scientific Limited. Therefore, if any pharmaceutical industry stakeholders have issues or concerns with our conclusions, we would encourage them to conduct further analyses by using their own proprietary data, and/or to facilitate such investigations by making available anonymised data, in accordance with the promotion of transparency encouraged by EU Directive 2010/63/EU (36) , as well as to engage fully in constructive discussion and debate with us and our colleagues in animal protection organisations.
Our findings have practical implications for the use of animal models for toxicity testing, especially in the pharmaceutical industry. Reliance on flawed models of toxicity testing leads to two types of failure. If the models have poor PLRs, then there is a risk that many potentially useful compounds will be wrongly discarded, because of 'false positives' produced by the toxicity model. On the other hand, if the models have poor iNLRs, then many toxic compounds will wrongly find their way into human tests, and will fail in clinical trials. The relatively high PLRs found in this study show that animal models may not be leading to the loss of many potentially valuable candidate drugs through false positives. However, our results do imply that many toxic drugs are not being detected by animal models, leading to the risk of unnecessary harm to humans.
In this regard, our findings are entirely consistent with the acknowledged failure of animal models in general to provide guidance on likely toxicity ahead of the entry of compounds into human trials. Drug attrition has increased significantly over the past two decades (e.g. 3, 4, 37-42): 92-94% of all drugs that pass preclinical tests fail in clinical trials, mostly due to unforeseen toxicities (43) (44) (45) , and half of those that succeed may be subsequently withdrawn or re-labelled due to ADRs not detected in animal tests (46) . ADRs are a major cause of premature death in developed countries (47) . A major contributing factor is the inadequacy of preclinical animal tests: one recent study showed that 63% of ADRs had no counterpart in animals, and less than 20% had a positive corollary in animal studies (15) .
With specific regard to the dog, the most extensive study prior to the report we present here, concluded that 92% of dog toxicity studies did not provide relevant information in addition to that provided by the rat, and that the other 8% did not result in the immediate withdrawal of drugs from development, indicating that dog studies are not required for the prediction of safe doses for humans (17) . There is a scientific basis for this: among several notable species differences which confound the extrapolation of data from dogs to humans, significant differences between humans and dogs in their cytochrome P450 enzymes (CYPs) -the major enzymes involved in drug metabolism -have been acknowledged for some time, compelling the conclusion that, "…it is readily seen that the dog is frequently not a good metabolic model for man and is poorly comparable to the rat and mouse" (for references, see 46). The lack of knowledge of canine CYPs has been highlighted, which is surprising, considering the extent of the use of dogs in preclinical testing. This problem is likely to be amplified by intra-species differences, as well as by inter-species differences (49) . It may therefore be argued that, if many differ-ences exist between different breeds or strains of the same species, then extrapolating pharmacokinetic data from that highly variable species to humans must not only be difficult, but must also be patently unreliable.
Conclusions
This analysis of the most comprehensive quantitative database of publicly-available animal toxicity studies yet compiled, suggests that dogs are highly inconsistent predictors of toxic responses in humans, and that the predictions they can provide are little better than those that could be obtained by chanceor tossing a coin -when considering whether or not a compound should proceed to testing in humans. In other words: "…for any putative source of evidential weight to be deemed useful, its specificity and sensitivity must be such that LR+ [PLR] >1. Tossing a coin contributes no evidential weight to a given hypothesis, as the sensitivity and specificity are the same -50% -and thus the LR+ [PLR] is equal to 1" (22) .
Dog PLRs were generally high, showing that a drug which is toxic in the dog is likely to be toxic in humans. However, they were extremely variable and with no obvious pattern, suggesting this aspect of dog tests cannot be considered particularly reliable or helpful. Further, though not within the scope of this analysis, it is of great interest whether the dog revealed any significant toxicities, that were also present in humans, that other species such as the rat did not. In other words, did the dog 'catch' any true human toxicities not caught by the rat? It has been previously argued that such toxicities are relatively low in number (e.g. the development of just 11% of new compounds was terminated due to effects uniquely seen in dogs, though the human significance of these could not be determined), which would further diminish any value the canine model may have in this respect (50) .
More importantly, while iNLRs were much more consistent, they revealed that dogs provide essentially no evidential weight to this aspect of toxicity testing. Specifically, if a compound shows no toxic effects in dogs, this provides essentially no insight into whether the compound will also show no toxic effects in humans. This is crucial: the critical observation for deciding whether a candidate drug can proceed to testing in humans is the absence of toxicity in tests on animals, and our findings show that the predictive value of the dog test in this regard is barely greater than by chance.
A quantitative example illustrates this. Suppose researchers wish to investigate a candidate compound belonging to a family which prior experience indicates has a 70% probability of freedom from ADRs in humans. Before conducting tests in humans, the drug is tested in dogs. By using the median iNLR figure found by our study, if the compound shows no sign of toxicity in the dog, the probability that the compound will also show no toxic effects in humans will have been increased by the animal testing from 70% to 72%. The testing thus contributes essentially no additional confidence in the outcome, but at considerable extra cost, both in monetary terms and in terms of animal welfare. This also has obvious practical relevance to the issue of high attrition rates in clinical trials on new drug candidates.
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